a Three quercetin derivatives with enhanced radical-scavenging activity were designed and synthesised.
Introduction
Flavonoids are natural compounds that are commonly found in fruits and vegetables and exhibit numerous benecial physiological activities. [1] [2] [3] [4] The antioxidative and radical-scavenging activities of avonoids have been widely studied, and avo-noid derivatives have been developed to enhance the radicalscavenging activities. [5] [6] [7] [8] Flavonoids are a natural part of the human diet, but can also be taken as supplements. The intake of avonoids is believed to help prevention from certain illnesses associated with high levels of reactive radicals, such as Parkinson's disease and Alzheimer's disease. [9] [10] [11] Reactive radicals are known to be scavenged by antioxidants, such as avo-noids, via hydrogen-transfer reactions from the phenolic OH group to radicals. There are two possibilities for the mechanism of hydrogen-transfer reactions of phenolic antioxidants, namely a one-step hydrogen-atom transfer (route A), or electron transfer followed by proton transfer (route B), as shown in Fig. 1 .
12-14
Resveratrol 15 and avonoids, such as catechin 16, 17 and quercetin, 18 are known to scavenge radicals via the electron transfer mechanism. In this case, solvents signicantly affect the radical-scavenging mechanism. 19 In fact, the radical-scavenging reaction of a vitamin E analogue proceeds via the one-step hydrogen-atom transfer in aprotic media, such as acetonitrile, 20 while the electron-transfer process is involved in protic solvents, such as methanol. 21 In this study, we focused on quercetin (2-(3,4-dihydroxyphenyl)-3,5,7-trihydroxy-4H-chromen-4-one), as a potential therapeutic agent to prevent illnesses caused by reactive oxygen radicals. Quercetin, which is the most common antioxidant found in citrus fruit and onions, Fig. 1 Radical-scavenging mechanism of phenolic antioxidants.
exhibits not only the ability to scavenge radicals, but also antiinammatory and anticancer effects. 22 Wai Mun Loke et al. also reported that quercetin may attenuate atherosclerosis in vivo. 23 Furthermore, quercetin has been shown to inhibit the proliferation of breast cancer, human lung cancer and nasopharyngeal carcinoma cells. 1, 14, [24] [25] [26] Increased importance of considering antioxidative capabilities in drug development has led to an interest in improving the radical-scavenging activity of quercetin. Furthermore, the chemical modication of natural antioxidants provides valuable fundamental information about the structure-radical scavenging activity relationship of compounds.
Our efforts in derivatising quercetin to enhance its radicalscavenging activity were inspired by the methoxy group in the ferulic acid (caffeic acid structure), due to its proven antioxidative effects. 27 The electron-donating group such as methoxy group at the ortho position relative to the hydroxy group stabilises radical cation. In the electron-transfer mechanism, the ionisation potential (IP) of the compound is important for its radical-scavenging efficacy. Introduction of an electron-donating group, such as methyl group, at positions ortho and/or para to the phenolic hydroxy group would decrease the IP of the phenolic compound, and thereby enhance the radical-scavenging activity.
Recently, we reported that resveratrol derivatives, in which methyl groups were introduced at the position ortho to the hydroxy group, showed enhanced radical-scavenging activities. The radical-scavenging activities of resveratrol derivatives 4 and 5 were shown to be about 14-and 36-fold higher than that of the parent resveratrol (Fig. 2) . 28 Similarly, introduction of methyl groups into the catechol moiety of catechin resulted in an enhanced radical-scavenging activity relative to the underivatised catechin. Specically, the radical-scavenging activity of the dimethylcatechin derivative 6 (Fig. 2 ) was shown to be about 28-fold higher than that of (+)-catechin. 29 In addition to a methyl group, an isopropyl fragment was also introduced as an electron-donating group to enhance the radical-scavenging activity. A planar-catechin analogue 7 (Fig. 2) , in which an isopropyl fragment was introduced into (+)-catechin, exhibited 5-fold more potent radical-scavenging activity compared to (+)-catechin. 30 The conformationally constrained epigallocatechin analogue containing an isopropyl fragment 8 ( Fig. 2) showed 16-fold more potent radical-scavenging activity than the parent epigallocatechin. 31 We report herein the design and synthesis of 2 0 ,5 0 -dimethylquercetin (1), 2 0 -methylquercetin (2), and 5 0 -methylquercetin (3) for enhancement of the radicalscavenging activity relative to the underivatised quercetin. The radical-scavenging activity of the quercetin analogues is expected to be enhanced upon introduction of a methyl group at positions ortho to the catechol hydroxy group, similar to the dimethylcatechin analogue 6. It should be noted that while it is very difficult to control the stereochemistry during the synthesis of the dimethylcatechin analogue 6, the synthesis of quercetin analogues was expected to be easier, because there is no need to control the stereochemistry. Herein, we also demonstrate their enhanced radical-scavenging ability against galvinoxyl radical (GOc) as a reactivity model of reactive oxygen species.
Results and discussion

Design and synthesis of quercetin analogues
Quercetin analogues (1, 2, and 3) were synthesised in which methyl groups were introduced at the positions ortho to the hydroxy groups of the catechol moiety to enhance the radicalscavenging activity. These analogues were designed with reference to the dimethylcatechin analogue 6. Similar to catechin, quercetin scavenges free radicals via an electron-transfer reaction. 18 Radical cations formed aer the electron-transfer reaction are delocalised and stabilised by the introduction of an electron-donating group. Moreover, the radical cation intermediate of quercetin was expected to be even further stabilised by the effect of both electron donation and hyperconjugation of the methyl group.
The retrosynthesis of quercetin analogues 1, 2 and 3 is shown in Scheme 1. The avone scaffold can be synthesised via the Algar-Flynn-Oyamada (AFO) reaction from the chalcone structure, which is a useful way to form the avone scaffold.
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The chalcone structure can be synthesised by Aldol condensation using an aldehyde and an acetophenone. The acetophenone forms the A ring of the quercetin molecule, while the aldehyde forms the B ring. The target molecules (1, 2 and 3) contain methyl groups in the B ring, which are introduced into the starting aldehyde. Previously, the aldehyde derivative 9a, in which methyl groups were introduced at both positions ortho to the catechol hydroxy groups, had been synthesised to obtain the dimethyl catechin analogue 6. The intermediate (11) of 9a had been obtained by catalytic reduction aer introduction of morpholine structure to catechol with Mannich reaction.
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Because the catalytic reduction is a dangerous reaction that is carried out at 70 C and 5 atm, another route was employed for the synthesis of 9a. Synthesis of the aldehyde derivative 9a used in this study is shown in Scheme 2. Dimethyl catechol 11 was obtained by the Dakin reaction aer formylation of 2,5-dimethylphenol.
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Following formylation of 11 at the 4-position, protection of the hydroxy groups of 13 with benzyl bromide was accomplished to yield 9a. The AFO reaction, aer Aldol condensation of 9a and 10a, is shown in Scheme 3. Acetophenone derivative (10a) was obtained by benzylation of the hydroxy groups at the 2-and 4-positions of 2,4,6-trihydroxyacetophenone. The chalcone 14 was obtained by the aldol condensation of 9a with 10a. We initially attempted formation of avone structure by the AFO reaction; however, the avone structure was not formed. Instead, the aurone structure (16) was formed, followed by hydrogenation to yield 17.
We had deluded ourselves into taking that 15 was obtained by the AFO reaction because the 1 H-NMR spectra of 15 and 16 were similar. Therefore, the catalytic reduction to give 1 was carried out, however, the compound 17 instead of 1 was obtained.
When the catalytic reduction was performed, the resulting yellow reaction solution turned colorless. This reduction reaction was performed not only for deprotection, but also for reduction of the unsaturated aurone bond. If, instead, the quercetin structure (15) had been synthesised by the AFO reaction, only the deprotection reaction of the benzyl group would have occurred following catalytic hydrogen reduction, and the color of reaction solution should have remained yellow. However, the reaction solution became colorless upon catalytic hydrogen reduction. Thus, the AFO reaction of 14 yielded the aurone structure (16) without the quercetin structure (15) .
Epoxide may be predicted to be formed as an intermediate when the chalcone structure contains a substituent at the 6-position, as in 14. The AFO reaction of chalcone with a substituent at the 6-position has previously been reported by various authors. Formation of the epoxide intermediate takes place by attack of the 2-O group at the a-rather than at the b-position.
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Therefore, the AFO reaction of 14 yielded the aurone structure (16) (Scheme 4).
We attempted to introduce a hydroxy group to 18 at the 3-position with dimethyldioxirane (DMDO) to yield 15. The chalcone structure (14) was reacted with I 2 in DMSO to yield 18. While the cyclisation reaction was successful, hydroxylation of 18 with DMDO failed to yield 15.
Following these initial attempts, quercetin analogues were subsequently synthesised with other scheme which is via the taxifolin framework (22a) intermediate, as shown in Scheme 5.
synthesis of isorhamnetin, tamarixetin, and kaempferide. The protective group of acetophenone derivative (19) was changed from a benzyl group to methoxymethyl (MOM). The protection of all the hydroxy groups of acetophenone allows for termination of the reaction of epoxide conversion to aurone. The MOM was employed to be easily deprotected aer formation of epoxide. The taxifolin framework (22a) should be obtained by the deprotection of MOM and cyclisation in a 1-pot reaction with 21a. The 2,4,6-tri-MOM phloracetophenone (19) was rst synthesised, in which three hydroxy groups were protected by MOM groups (Scheme 5). [38] [39] [40] The chalcone derivative 20a was subsequently obtained by condensation of 19 with the aldehyde derivative 9a. Next, epoxidation of 20a with hydrogen peroxide in the presence of sodium hydroxide as a base yielded 21a. 41 Cyclisation of 21a was achieved at the same time as deprotection of MOM with hydrochloric acid. Catalytic hydrogenation of 22a with 20% Pd(OH) 2 yielded 23a. Finally, oxidation of 23a with potassium metabisulte solution was performed to yield dimethyl quercetin (1) (Scheme 6).
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The aldehyde derivatives 9b and 9c were synthesised to obtain the quercetin analogues 2 and 3, respectively (Scheme 7).
Formylation of 24, which was benzylated using 3-methylcatechol, at the 4-position was carried out by the VilsmeierHaack reaction to yield 9b. The aldehyde derivative 9c was also synthesised from 3-methylcatechol. Specically, 3-methylcatechol was rst benzylated at the 1-position of the hydroxy group to yield 25. Formylation of 25 at the 5-position was then achieved via the Duff reaction using hexamethylenetetramine (HMTA).
43,44 The aldehyde derivative 9c was then obtained by benzylation at the 2-position of the hydroxy group. Quercetin analogues 2 and 3 were synthesised with the resulting 9b and 9c, respectively, by the same scheme used to obtain dimethylquercetin (1) (Scheme 6).
Radical-scavenging activity of quercetin analogues monitored by the stopped ow technique
The radical-scavenging activity of quercetin analogues was evaluated in a non-aqueous system using the galvinoxyl radical (GOc) as a reactivity model of reactive oxygen species. GOc exhibits a strong absorption band at 428 nm, and a solution of GOc appears yellow in color. 21, 45 Upon mixing of GOc with an antioxidant, the visible absorption band immediately vanishes, and the resulting decolorization is stoichiometric with respect to the number of electrons taken up. The rates of GOc-scavenging by the quercetin analogues were measured based on the color change of GOc in the presence of antioxidants. Because this spectral change occurs very fast, the rates of the radicalscavenging reaction of quercetin analogues were measured by monitoring the decrease in absorbance at 428 nm using a stopped ow technique in deaerated acetonitrile at 298 K. The decay of the absorbance at 428 nm obeyed pseudo-rst-order kinetics when the concentration of 2 ([2]) was maintained at more than 10-fold excess to the GOc concentration. The decay of the absorbance at 428 nm of GOc is shown in Fig. 3 . The pseudorst-order rate constant (k obs ) increased linearly with an increase in the concentration of quercetin analogues. An extended gure for 1, 2 and quercetin is included as an insert in Fig. 4 because the k value of 3 is too large; the insert shows a magnied axis for k obs from 0 to 2 s À1 . From the slope of a linear plot of k obs vs. [2] , the second-order rate constant (k) for the radical-scavenging reaction was determined to be 6.
, and the parent quercetin were determined in the same manner to be 2.1 Â 10 3 M À1 s À1 , 1.6 Â 10 5 M À1 s À1 , and (Fig. 4) . These results demonstrate that the k values for 1, 2 and 3 were about 191-, 5.5-and 14 500-fold greater than that of the underivatised quercetin, respectively. Thus, structurally modied quercetin analogues (1, 2 and 3) could afford signicantly larger k values than the parent quercetin. The k value for 3 is the largest among the quercetin analogues examined in this study. The GOc-scavenging activity of 3 is about 2600-fold larger than that of 2. The large difference in k values between 2 and 3 demonstrates that the radical-scavenging activity of the quercetin derivatives largely depends on the position of the methyl group. The k values of aurone derivative 17 and dimethylcatechin 6 were 7.2
, respectively, indicating that delocalisation of the radical cation might operate a high radicalscavenging activity. The delocalisation of radical cation of 6 and 17 may remain limited to the catechol moiety, and these radical cations may not be delocalised throughout the entire molecule. IPs and energy difference values (D HT , HT: hydrogen transfer) between quercetins and the corresponding phenoxyl radicals, which equal the O-H bond dissociation energies (BDE) of their phenolic hydroxy groups, were calculated to elucidate the effect of the methyl groups in the quercetin analogues on their radical-scavenging activity by the density functional theory (DFT). As shown in Fig. 1 , phenolic compounds scavenge radicals via two mechanisms. Thus, the IP and D HT values are reliable parameters to distinguish these two different radicalscavenging mechanisms. If the phenolic compound scavenges GOc via a one-step hydrogen-atom transfer reaction, i.e., route B, the compound with lower D HT value exhibit the higher radicalscavenging activity. In contrast, the reactivity of the electrontransfer reaction of phenolic compounds, i.e., route A, is related to the IP values. Because, the lower of the IP, the easier is the electron abstraction. The D HT and IP values of quercetin analogues were determined by DFT calculations at the B3LYP/6-31G(d) level and the results are shown in Table 1 . The IP value of 3, which exhibits a markedly enhanced radical-scavenging activity, was the lowest among all the quercetin analogues. Therefore, the mechanism of radical-scavenging of 3 may occur via an electron transfer followed by proton transfer. If the radical-scavenging mechanism of 3 is a one-step hydrogen atom-transfer reaction, the D HT value at the 4 0 -OH position should be the lowest among all the quercetin analogues. However, the D HT value of 3 is higher than that of 1. Thus, enhancement of the radical-scavenging activity of 3 may be the result of electron donation by the introduced methyl group. We also evaluated the most stable structures of quercetin and quercetin analogues by DFT calculations, as shown in Fig. 5 . Quercetin exhibits a coplanar structure between the 4H-curomen (AC rings) and catechol (B ring) moieties (Fig. 5a ). In contrast to the structure of quercetin, analogues 1 and 2, which contain methyl groups at the 2 0 -position, exhibit a twisted structure between the AC and B rings due to steric hindrance of the hydroxyl group of the C ring. The torsional angles between the AC and B rings of 1 and 2 were 49.5 and 49.8 , respectively
( Fig. 5b and c) . On the other hand, 3, which exhibited the highest radical-scavenging activity, formed a coplanar structure similar to the parent quercetin (Fig. 5d) . The planar structure of quercetin was maintained even aer introduction of a methyl group at the 5 0 -position. When 3 gives an electron to GOc to produce the corresponding radical cation of 3, the planar structure allows for delocalisation of the radical cation throughout the entire molecule, resulting in enhanced radicalscavenging activity. The hydrogen transfer from 3 to GOc proceeded via electron transfer from 3 to GOc followed by proton transfer from the resultant radical cation intermediate 3c + to the one-electron reduced species of GOc, i.e. GO À . Thus, enhancement of the radical-scavenging activity of 3 is thought to be due to the introduction of an electron-donating methyl group into the catechol moiety. In addition, the planar structure of 3 promoted the enhancement of radical-scavenging activity by stabilisation of 3c + . The structure of synthetic analogues 1, 2 exhibited a twisted structure by introduction of methyl group at 2 0 -position. As a result, the radical cation, which was generated by radical-scavenging reaction, was not able to be delocalised throughout the entire molecule. On the other hands, introduction of methyl group at 5 0 -position did not affect the planar structure. Thus, the quercetin analogue with methyl group at 5 0 -position exhibited the highest radical-scavenging activity because delocalised radical cation might be stabilised efficiently by the electron-donating methyl group.
Conclusion
In this study, we designed and synthesised quercetin analogues to enhance radical-scavenging activity of quercetin. The radicalscavenging activity of quercetin, which scavenges free radicals via the electron-transfer process, was enhanced by the introduction of an electron-donating methyl group into the catechol moiety in the quercetin molecule. Although a single methyl group was introduced into both 2 and 3, the radical-scavenging activities of both quercetin derivatives varied greatly as a result of the different positions of the introduced methyl group. The radical-scavenging activity of 3 was enhanced by the electron donating effect. In addition, the radical cation of 3 was found to be stabilised by the planar structure between the AC and B rings. The signicant enhancement in radical-scavenging activity observed for 3 was due to both the electron-donating effect and the planar quercetin structure. Results reported herein suggest that future design and synthesis of novel antioxidant agents with enhanced radical-scavenging activities should consider not only the introduction of electron-donating groups but also stabilisation of radical cations by to atten throughout the entire molecule. The 3 with high radical-scavenging activity would also be studied not only radical-scavenging activity but also physiological effects of quercetin such as anti-inammatory and anticancer.
Experimental section
General methods
Unless otherwise noted, all commercially available compounds were used as provided without further purication. Solvents for chromatography were technical grade, and acetonitrile for antioxidant activity measurements was analytical grade. Proton 3,4-Bis(benzyloxy)-2,5-dimethylbenzaldehyde (9a). Magnesium chloride anhydrous (1.94 g, 20.4 mmol) and paraformaldehyde (1.52 g) were added to a solution of 2,5-xylenol (1.74 g, 14.3 mmol) in dry acetonitrile (9 mL), followed by the dropwise addition of triethylamine (5.45 mL). Aer stirring at 100 C for 3 h, the mixture was cooled in ice and the solution was diluted with diethyl ether, washed with 1 N HCl, dried over sodium sulfate, ltered, and evaporated under reduced pressure to afford compound 12. 30% of hydrogen peroxide (1.35 mL) and H 2 O (1 mL) were added to solution of 12 and 5 M of sodium hydroxide (3.24 mL) in THF (5.45 mL), and the mixture was stirred at rt for 15 min, the mixture was diluted with diethyl ether, washed with 2 N HCl, dried over sodium sulfate, ltered, and evaporated under reduced pressure to afford 11. Aluminum(III) chloride (3.82 g, 28.6 mmol) was slowly added to a solution of 11 and triethyl orthoformate (2.3 mL, 13.86 mmol) in dry toluene (25 mL), and the mixture was stirred at 60 C for 3 h. 3 N hydrochloric acid was added, and the reaction mixture was further stirred at rt for 1 h. Ethyl acetate was then added, the reaction mixture was ltered, and ltrate was evaporated (25) . 43, 44 To a solution of 3-methylcatechol (1.08 g, 8.73 mmol) and benzyl bromide (1.14 mL, 9.61 mmol) in dry DMF (10 mL) and dry acetone (4 mL), K 2 CO 3 (3.70 g, 26.2 mmol) was added, and stirring for 4 h at rt. The ltrate was diluted with diethyl ether, washed with 1 N of HCl, dried over Na 2 SO 4 , ltered and the solvent was evaporated. The resultant solid was puried by column chromatography on silica gel (E)-3-(3,4-Bis(benzyloxy)-2,5-dimethylphenyl)-1-(2,4,6-tris (methoxymethoxy)phenyl)prop-2-en-1-one (20a). To a stirred solution of 19 (723 mg, 2.39 mmol) and 9a (981 mg, 2.83 mmol) in dry DMF (1 mL) at rt under Ar, ethanol (6 mL) and 40% aqueous potassium hydroxide (2.2 mL) were added. The resulting solution was stirred at rt for 18.5 h, the solution was diluted with ethyl acetate, washed with brain. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated. The residue was puried by column chromatography on silica gel (3 : 1 to 2 : 1 n-hexane-ethyl acetate) to give 1.26 g (85%) of chalcone structure 20a as yellow liquid; 1 (E)-3-(3,4-Bis(benzyloxy)-5-methylphenyl)-1-(2,4,6-tris(methoxymethoxy)phenyl)prop-2-en-1-one (20c). To a stirred solution of 19 (477 mg, 1.55 mmol) and 9c (620 mg, 1.86 mmol) in dry DMF (672 mL) at rt under Ar, ethanol (3.9 mL) and 40% aqueous potassium hydroxide (1.4 mL) were added. The resulting solution was stirred at rt for 18.5 h, the solution was diluted with ethyl acetate, washed with brain. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated. The residue was puried by column chromatography on silica gel (4 : 1 to 2 : 1 n-hexane-ethyl acetate) to give 838 mg (86%) of chalcone structure 20c as yellow liquid; 1 2-(3,4-Bis(benzyloxy)-2,5-dimethylphenyl)-3,5,7-trihydroxychroman-4-one (22a). Methanol (5 mL) and 5.4% aqueous sodium hydroxide (5 mL) were added to a solution of 20a (324 mg, 516 mmol) in 1,4-dioxiane (5 mL), and then added 30% hydrogen peroxide solution (5 mL). The resulting mixture was stirred at rt for 4 h, the solution was diluted with ethyl acetate, washed with water. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated to afford epoxide intermediate 21a, which was subjected to the next step without purication. 12 N HCl (1 mL) was slowly added to a solution of crude 21a in methanol (22 mL), and the mixture was reuxed for 1.0 h. The reaction mixture was evaporated, and then the crude material was diluted with ethyl acetate, washed with water. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated. The residue was puried by column chromatography on silica gel (4 : 1 n-hexane-ethyl acetate) to give 105 mg (total yield from 20a: 40%) of 22a as white solid; mp 207- 2-(3,4-Bis(benzyloxy)-2-methylphenyl)-3,5,7-trihydroxychroman-4-one (22b). Methanol (2.5 mL) and 5.4% aqueous sodium hydroxide (2.5 mL) were added to a solution of 20b (290 mg, 472 mmol) in 1,4-dioxiane (7.5 mL), and then added 30% hydrogen peroxide solution (2.5 mL). The resulting mixture was stirred at rt for 5 h, the solution was diluted with ethyl acetate, washed with brain. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated to afford epoxide intermediate 21b, which was subjected to the next step without purication. 12 N HCl (1 mL) was slowly added to a solution of crude 21b in 1,4-dioxiane (5 mL) and methanol (17 mL), and the mixture was stirred at 55 C for 1.0 h. The reaction mixture was evaporated, and then the crude material was taken into ethyl acetate, washed with water. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated. The residue was puried by column chromatography on silica gel (2 : 1 n-hexaneethyl acetate) to give 230 mg (total yield from 20b: 32%) of 22b as white solid; mp 164- 2-(3,4-Bis(benzyloxy)-5-methylphenyl)-3,5,7-trihydroxychroman-4-one (22c). Methanol (1.5 mL) and 5.4% aqueous sodium hydroxide (1.5 mL) were added to a solution of 20c (165 mg, 269 mmol) in 1,4-dioxiane (4.3 mL), and then added 30% hydrogen peroxide solution (1.5 mL). The resulting mixture was stirred at rt for 1 h, the solution was diluted with ethyl acetate, washed with aqueous sodium thiosulfate and brain. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated to afford epoxide intermediate 21c, which was subjected to the next step without purication. 12 N HCl (0.5 mL) was slowly added to a solution of crude 21c in 1,4-dioxiane (3 mL) and methanol (10 mL), and the mixture was stirred at 55 C for 1.0 h.
The reaction mixture was evaporated, and then the crude material was taken into ethyl acetate, washed with water. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated. The residue was puried by column chromatography on silica gel (4 : 1 to 2 : 1 n-hexane-ethyl acetate) to give 33 mg (total yield from 20c: 25%) of 22c as white solid; mp 120-121 C; 2-(3,4-Dihydroxy-2,5-dimethylphenyl)-3,5,7-trihydroxy-4H-chromen-4-one (1) . A solution of 22a (105 mg, 205 mmol) in dry THF (40 mL) was hydrogenated at rt in the presence of 20% palladium hydroxide on carbon (40 mg). Aer stirring for approximately 5.5 h, the catalyst was ltered, and the solvent was evaporated to afford 23a, which was subjected to the next step without purication. Dimethyl taxifolin 23a in ethanol (1.5 mL) was added to 20% potassium metabisulphite (3 mL), and then stirred at 100 C for 7 h. The reaction mixture was taken into ice water, the precipitate was ltered to give 21 mg (total yield from 22a: 31%) of 1 as yellow solid; mp > (2) . A solution of 22b (64 mg, 129 mmol) in dry THF (12 mL) was hydrogenated at rt in the presence of 20% palladium hydroxide on carbon (35 mg). Aer stirring for approximately 2 h until TLC showed that the reaction was complete, the catalyst was ltered, and the solvent was evaporated to afford 23b, which was subjected to the next step without purication. Dimethyl taxifolin 23b in ethanol (1 mL) was added to 20% potassium metabisulphite (2.1 mL), and then stirred at 100 C for 5 h. The reaction mixture wad taken into ice water, the precipitate was ltered to give 33.8 mg (total yield from 22b: 82%) of 2 as yellow solid; mp > (3) . A solution of 22c (61 mg, 122 mmol) in dry THF (3 mL) was hydrogenated at rt in the presence of 20% palladium hydroxide on carbon (10 mg). Aer stirring for approximately 3 h until TLC showed that the reaction was complete, the catalyst was ltered, and the solvent was evaporated to afford 23c, which was subjected to the next step without purication. Dimethyl taxifolin 23c in ethanol (1 mL) was added to 20% potassium metabisulphite (2 mL), and then stirred at 100 C for 5 h. The reaction mixture wad taken into ice water, (E)-3-(3,4-Bis(benzyloxy)-2,5-dimethylphenyl)-1-(2,4-bis (benzyloxy)-6-hydroxyphenyl)prop-2-en-1-one (14) . To a mixture of 9a (1.68 g, 4.74 mmol) and 10a (1.64 g, 4.74 mmol) in dry dioxane (8.0 mL) at rt under Ar, ethanol (13.5 mL) and 40% aqueous potassium hydroxide (3.9 mL) were added. The resulting solution was stirred at rt for overnight, the solution was diluted with ethyl acetate, washed with 1 N HCl and brain. The organic phase was dried over Na 2 SO 4 , ltered and the solvent was evaporated. The residue was puried by column chromatography on silica gel (3 : 1 to 2 : 1 n-hexane-CH 
Antioxidant activity measurements
Since phenoxyl radical generated in the reaction of quercetin analogues with oxyl radicals readily reacts with molecular oxygen, the reactions were carried out under strictly deaerated conditions. A continuous ow of argon gas was bubbled through an acetonitrile solution (3.0 mL) containing galvinoxyl radical (GOc, 2.0 Â 10 À6 M) in a square quartz cuvette with a glass tube neck for 7 min. Air was prevented from leaking into the neck of the cuvette with a rubber septum. Typically, an aliquot of quercetin analogues (quercetins were maintained at more than 10-fold excess to the GOc concentration), which were dissolved in deaerated acetonitrile, were added to the cuvette with a microsyringe to initiate the reaction of quercetin analogues with GOc. UV-vis spectral changes associated with the reaction were monitored using an Agilent 8453 photodiode array spectrometer. The rate of the GOc scavenging reaction of quercetin analogues was determined by monitoring the absorbance change at 428 nm due to GOc (3 ¼ 1.32 Â 10 5 M À1 cm À1 ) using a stopped ow technique on a UNISOKU RSP-1000-02NM spectrophotometer. The pseudo rst-order rate constants (k obs ) were determined by leastsquares curve t using an Apple MacBook Pro personal computer. The rst-order plots of ln(A À A N ) vs. time (A and A N denote the absorbance at the reaction time and the nal absorbance, respectively) were linear until three or more halflives with a correlation coefficient r > 0.999.
Theoretical calculations
Density functional theory (DFT) calculations were carried out on an 8CPU workstation (PQS, Quantum Cube QS8-2400C-064). The geometry optimisations were performed using the B3LYP/ 6-31G(d) basis set for the radical with the unrestricted Hartree-Fock (UHF) formalism as implemented in the Gaussian 09 program Revision A. 02. The BDE values were determined by the single point energy calculations at the B3LYP/6-31G(d) basis set with the restricted open-shell Hartree-Fock (ROHF) formalism.
